Introduction
Antibodies against equine influenza virus (EIV) are traditionally quantified by haemagglutination inhibition (HI) or single radial haemolysis (SRH). 1 Neither test requires costly equipment but both need to be performed and interpreted by trained personnel. HI is frequently the serological test of choice for diagnosis as the results can be obtained within hours. Furthermore, in the absence of EIV isolation from infected horses that have seroconverted, the HI assay may be used with reference viruses to determine in some measure the antigenic characteristics of the infecting EIV isolate. The SRH test is more reproducible between laboratories 2,3 but is more complicated and time consuming than HI and usually only performed in specialist laboratories. A significant increase in antibody titre in paired sera (acute and convalescent samples) can be a useful indicator of recent infection. As many horses have been vaccinated against equine influenza (EI) or have been previously infected, the analysis of single samples is less informative and does not offer a definitive diagnosis. However, testing of single samples by SRH is useful to determine the immune status of a horse as a definite correlation between SRH antibody levels and protective immunity against EI has been established in both experimental challenge studies and in the field. [4] [5] [6] The SRH test is frequently used in vaccine efficacy and duration of immunity studies for marketing purposes or submission to the regulatory authorities. [7] [8] [9] [10] During the Australian outbreak in 2007, virus spread was limited by restriction of horse movement and strategic vaccination. 11 The vaccine used in the eradication programme was Proteq Flu-Te, which contains recombinant canarypox viruses that express only the HA gene from two EIV strains. One of the reasons for choosing this vaccine was that it was possible to differentiate between infected and vaccinated horses (DIVA) using an ELISA developed primarily for poultry, which detected antibodies against the viral nucleoprotein (NP) of type A influenza viruses. [11] [12] [13] [14] The ELISA proved to be extremely useful in the control and eradication of EI in Australia particularly in surveillance of vaccinated horses in the buffer zones surrounding the infected areas. 13, 15 Such surveillance was crucial to provide confidence in a declaration of freedom from EI. 11, 16 The aim of this study was to evaluate the sensitivity of an ELISA for the detection of EI in infected horses and the monitoring of antibody response to vaccination, and to compare it to existing methodologies.
Materials and methods

Serum samples
Paired serum samples collected from 203 horses during EI outbreaks in 14 yards were tested by ELISA, HI and SRH. Sera collected from 14 weanlings at 1 day prior to experimental infection with an aerosol of 10 ml A/equine/Kildare/ 89 at 10 6 EID 50 /ml, and seven and 14 days post-infection were tested by ELISA and SRH. Sera collected and tested by SRH for two comparative vaccine studies were tested by ELISA. The vaccines used, the vaccination and sampling regimes and the SRH results for these two studies have been described previously. 17, 18 Briefly, in the first study, sixty seronegative Thoroughbred weanlings (circa 6-10 months of age) received their primary vaccination course of three vaccines in line with regulations of the Irish Turf Club. The vaccines included as follows: a whole inactivated vaccine, Duvaxyn IE-T Plus 1 (11 horses), a whole inactivated vaccine, Equilis Resequin 2 (11 horses), an ISCOM-based subunit vaccine, Equip FT 3 (14 horses), an ISCOM matrix-based subunit vaccine, Equilis Prequenza Te 2 (13 horses) and a recombinant canarypox virus vaccine, Proteq Flu-Te 4 (11 horses).
Blood samples were collected on the day of first vaccination (V1), 2 weeks post-V1, on the day of second vaccination (V2), that is, 5 weeks after V1, 2 weeks post-V2, 13 weeks post-V2, on the day of third vaccination (V3), that is, 26 weeks after V2, 2 weeks post-V3, 13 weeks post-V3 and 26 weeks post-V3.
In the second comparative vaccine study, 44 National Hunt racehorses (mean age 5Á8 years) received their annual booster vaccination with Duvaxyn IE-T 
Haemagglutination inhibition
The HI test was performed according to standard procedures 1 and as described previously 19 except that the viruses used as antigens (HA titre of 1/4 per well) in this study were a representative of the European lineage, A/equine/Kildare/89 (H3N8) and a representative of the American lineage, A/ equine/Kildare/92 (H3N8) or A/equine/Meath/07 (H3N8). The HI titre of each serum sample was the highest dilution of serum that caused 50% inhibition of haemagglutination of red blood cells. A seroconversion was defined as an increase of fourfold or greater in the titre between paired samples.
Single radial haemolysis
The SRH test was performed according to standard procedures 1 and as described previously. 20 The viruses used as antigens for the testing of clinical samples were representatives of the American lineage A/equine/Kildare/92(H3N8) or A/equine/Meath/07 (H3N8). In the experimental infection study, representatives of the European, A/equine/Newmarket/2/93 (H3N8) and of the American lineage, A/equine/ Kildare/92(H3N8), were used. The viruses used as antigens for the comparative vaccine studies were representatives of the European lineage, A/equine/Newmarket/2/93 (H3N8) and American lineage, A/equine/Kildare/92(H3N8) and A/ equine/South Africa/4/03 (H3N8). A reference serum from the European Directorate for the Quality of Medicines and Healthcare (EDQM) was included on each plate. The results were expressed in mm 2 and accepted when the EDQM standard was within 5% of its assigned value. A difference of 25 mm 2 or greater between paired samples was considered significant. 5 
ELISA
The competition ID Screen Influenza A Antibody Competition Multispecies ELISA for the detection of antibodies to the internal nucleocapsid of the Influenza A virus in bird, pig and horse sera was carried out in accordance with the manufacturer's instructions (ID Vet Innovative Diagnostics, Montpellier, France). Briefly, test sera (diluted 1 in 10) were incubated for one hour at 37°C in the antigen-coated plate. After washing, an anti-antigen peroxidase conjugate fixed to epitopes that had not reacted with the sera. The results were read and recorded at the O.D. (Optical Density) at 450 nm using Magellan software and the Sunrise Absorbance Reader (Tecan; M€ annedorf, Switzerland). For each sample, the competition percentage was calculated by dividing the O.D. value of the specimen by the O.D. value of the negative control and multiplying by one hundred. A competition percentage of 45% or less was defined as positive and a conversion from negative to positive or a decrease in 1 Fort Dodge now ELANCO Animal Health. 2 Intervet now MSD Animal Health. 3 Pfizer now Zoetis. 4 Merial. competition percentage of 50% or more was considered a seroconversion.
Statistical analysis
To examine symmetry in classification as positive or negative and seroconversion or otherwise, a two-way classification table was constructed. The symmetry was then measured using the McNemar Test, and associated chi-square statistic and P value were obtained. In examining the association between SRH and ELISA competition percentage, a simple linear regression model was fitted, and the predicted value associated with a number of SRH cut-off values was estimated. Analysis was carried out using R Studio running R version 2.13.
Results
On testing paired samples from 203 horses during influenza outbreaks, 90 (44%) seroconverted by SRH, 84 (41%) by HI and 52 (26%) by ELISA (Table S1 ). By comparison with the HI as a gold standard diagnostic test for EI, the ELISA had a sensitivity and specificity of 69% and 95%, respectively. By comparison with the SRH as a gold standard, the ELISA had a sensitivity and specificity of 67% and 94%, respectively. The mean competition percentage of the 45 horses that seroconverted by SRH but not by ELISA was 9Á37%. In comparison, the mean competition percentage of the 52 horses that seroconverted by ELISA was 54Á92%. Of the 203 horses studied, 28 were seronegative and 175 were seropositive by SRH on initial sampling. Of the 28 SRH seronegative horses, 24 and 19 were also seronegative by HI and ELISA, respectively. Twenty-five of the 28 (89%) seroconverted by HI, 22 (79%) by SRH and 21 (75%) by ELISA. Twenty of the 28 horses seroconverted by all three methods, two seroconverted by SRH and HI, one seroconverted by ELISA and HI and two seroconverted by HI alone. Only three did not seroconvert by any of the assays. Sixty-eight (39%) of the 175 horses that were seropositive by SRH on initial sampling seroconverted by SRH, 59 (34%) by HI and 31 (18%) by ELISA. Twelve of the 31 SRH-positive horses that seroconverted by ELISA tested negative by this assay on the initial screen.
Examinations of seropositive versus seronegative results with the three assays indicated that there was consistent and close agreement between HI and SRH but borderline disagreement between ELISA and SRH (chi-square 3Á1, P = 0Á07) and significant disagreement between ELISA and HI (chi-square 5Á5, P = 0Á02). A best-fit regression line between SRH value and ELISA competition percentage yielded that 25 mm 2 was equivalent to 49%, 50 mm 2 was equivalent to 44%, 85 mm 2 was equivalent to 38% and 150 mm 2 was equivalent to 26%. Changing the ELISA cut-off from 45% to 65% increased the symmetry between the ELISA and other methods, but it also increased the overall misclassification rate. Examination of seroconversions with the three assays indicated that there was a greater disagreement between the ELISA and the SRH (chi-square 26Á3, P < 0Á001) and the ELISA and the HI (chi-square 21Á8, P < 0Á001). However, SRH and HI showed symmetry in classification (chi-square 1Á6 and P = 0Á21).
Fourteen seronegative weanlings experimentally infected with EIV were serologically monitored by SRH and ELISA. The percentage of seroconversions detected by both assays on each day of sampling, and the ELISA results are summarised in Figure 1A ,B. All the horses were seronegative by both assays on Day-1, prior to infection. All horses seroconverted by SRH testing by Day 14, but not by Day 7 post-infection. The ELISA detected that all horses had seroconverted at 14 days post-infection but also detected two seroconversions at 7 days post-infection. Furthermore, several horses exhibited some response by ELISA at Day 7 but insufficient to be defined a seroconversion. Their mean competition percentage was 65 ( Figure 1B) .
Samples from 60 seronegative weanlings that had participated in a comparative vaccine study were tested by ELISA, and the results compared with those previously obtained by (Figures 2 and 3) .
Similar to the SRH results reported previously, 17 some horses did not respond initially to vaccination as measured by ELISA. These data are summarised in Table 1 . The weanlings vaccinated with Proteq Flu-Te were excluded from this analysis. Two weeks post-V1, the SRH and the ELISA failed to detect seroconversions in 19 (39%) and 27 (55%) weanlings, respectively ( Table 1) . The seroconversion of all weanlings vaccinated with Duvaxyn IE-T Plus was detected with both assays. The number of weanlings vaccinated with Equilis Resequin and Equip FT that failed to seroconvert post-V1 was similar with both the SRH and ELISA assay. However, 77% of the weanlings vaccinated with Equilis Prequenza Te failed to seroconvert by ELISA but only 8% failed to seroconvert by SRH. Two weeks post-V2 (S4), 36% and 9% of horses vaccinated with Duvaxyn IE-T Plus and Equilis Resequin, respectively, failed to seroconvert by ELISA, but these horses were strongly seropositive by ELISA at the time of vaccination (S3). Their mean competition percentage was 13Á28%. Similarly, one horse failed to seroconvert to V3 with Equip FT by ELISA but was strongly positive (16Á42%) at the time of vaccination.
Samples from 44 horses that had participated in a comparative vaccine study following annual booster vacci- nation were tested by ELISA (Figure 4 ). No increase in antibodies was detected by ELISA in the horses vaccinated with Proteq Flu-Te. The antibody profiles against the nucleocapsid protein of the horses vaccinated with the other vaccines followed a similar pattern to the antibodies against the HA as measured by SRH. They peaked 2 weeks postbooster vaccination, decreased by 3 months post-vaccination and declined to near their original levels by 6 months postvaccination. All of the horses remained positive by SRH for the duration of the study with the exception of one horse that tested negative by 3 months post-vaccination. 18 This horse also tested negative by ELISA 3 months post-booster vaccination, as did four other horses. However, the SRH levels for these four horses (82-157 mm 2 ) at that time point were consistent with clinical protection. Three additional horses tested negative by ELISA 6 months post-booster vaccination when their SRH levels ranged from 60 to 149 mm 2 . Six months post-vaccination, five horses had SRH levels <85 mm 2 , that is, below that required for clinical protection and one horse was seronegative. 18 Only one of these horses tested positive by ELISA at this time point.
Excluding the horses vaccinated with Proteq Flu-Te, 22 of the 38 horses (58%) did not seroconvert by ELISA and 13 (34%) did not seroconvert by SRH. Table 2 summarises the effect of pre-existing antibody levels on the response to booster vaccination. The ELISA test was similar to the SRH Table 1 . Number of weanlings that failed to seroconvert by SRH or ELISA and Read et al., 15 that in the na€ ıve animal, an ELISA is extremely sensitive and can detect an antibody response by day seven post-infection. This sensitivity combined with the fact that the ELISA, unlike the HI or the SRH, can be readily automated and used to rapidly screen large numbers of samples suggest that it is an appropriate test for monitoring the spread of EI in a na€ ıve population. A nucleoprotein ELISA was used to screen approximately 62 000 samples in 6 months after EI was detected in Australia in 2007. 15 In this study, serum samples from weanlings that had participated in a comparative vaccine study were tested by ELISA and the results compared with those previously obtained by SRH. 17 Only the antibody response of those vaccinated with Proteq Flu-Te was not detected by ELISA. Thus, this technique could not be used to differentiate infected horses from those vaccinated with the ISCOM-based subunit vaccines Equip FT and Equilis Prequenza Te or the whole inactivated vaccines Duvaxyn IE-T Plus and Equilis Resequin. A combination of this kit and any of these four vaccines would not have been suitable for the eradication programme in Australia as there is no DIVA capacity, and it would not be possible to prove freedom from infection. This was to be expected for the whole virus inactivated vaccines. However, some DIVA capacity might have been anticipated with the subunit vaccines which are not expected to contain NP, for example, Equip FT and Equilis Prequenza Te, which contain purified HA and neuraminidase subunits adjuvanted with ISCOM and ISCOM matrix, respectively. 22, 23 Similar limitations have been noted with the purity of vaccines against avian influenza and other pathogens when developing DIVA test strategies. 24, 25 The pattern of antibody response as measured by the ELISA post-vaccination was similar to that of the SRH for the four vaccines, and the decline in antibodies after the second vaccination (V2) and prior to third vaccination (V3) was evident. The ELISA determined response to vaccination was less persistent than that measured by the SRH. This lack of persistence was consistent with observations during the outbreak in Australia. Read et al., 15 reported that the ELISA detected antibody in samples from only half of the horses tested 12 months following natural infection. In this study, the ELISA was similar to the SRH in detecting a greater antibody response in horses vaccinated with Duvaxyn IE-T Plus than other vaccines. 17 The ELISA was also similar to SRH in that no poor responders to the first dose (V1) of Duvaxyn IE-T Plus were identified. The number of weanlings that failed to seroconvert to V1 following vaccination with Equilis Prequenza Te far exceeded those identified by SRH. 17 A possible explanation for this finding is that Equilis Prequenza Te is a subunit vaccine that should contain at most, traces of NP. However, the amount of NP contained in any of the vaccines included in this study is unknown. Furthermore, the fact that the incidence of poor responders to V1 with the whole virus vaccine Equilis Resequin was similar to that of V1 with the subunit vaccine Equip FT suggests that a poor response by ELISA is not entirely due to the variable amount of NP from structural component to only traces, in the different types of EI vaccines. On comparison of the two whole virus vaccines, Equilis Resequin has a higher antigenic load than Duvaxyn IE- T Plus. Thus, it is likely that the higher incidence of poor responders observed with Equilis Resequin is due at least in part to the composition of the adjuvant. As with SRH, almost all of the weanlings that failed to seroconvert to V1 seroconverted to V2 by ELISA. The high incidence of poor responders amongst these Thoroughbred weanlings reported by Gildea et al., 17 was not reported previously in experimental studies with these vaccines. This study using a different serological test corroborates the original findings of Gildea et al. 17 Poor responders are a source of concern to horse owners and trainers. They are considered most likely to be the index case in the event of an outbreak in a vaccinated population. 26 Samples from a second comparative vaccine study in racehorses following booster vaccination 18 were analysed by ELISA. The DIVA capacity of the ELISA combined with Proteq Flu-Te was again evident as no antibody response was detected post-vaccination. The ELISA response to all other vaccines used was similar to the SRH response, an initial peak followed by a decline within 3 months. For several horses, the ELISA determined response to booster vaccination was less persistent than that measured by the SRH. The ELISA results in the present study corroborated the SRH data in that a large number (58%) of these horses did not seroconvert postvaccination. In many cases, these were not the same horses as those that failed to seroconvert by SRH, but for both assays, the antibody response correlated inversely with the level of antibody at the time of vaccination.
In summary, the results suggest that this ELISA is a useful supplementary test for the diagnosis of EI. It is suited to high throughput surveillance of EI in a naive population. However, the DIVA capacity evident when combined with Proteq Flu-Te does not extend to the two ISCOM-based subunit vaccines Equilis Prequenza Te and Equip FT tested in this study.
